A bout 1900 the British scientist Sir Oliver Lodge (1851-1940) described a hydraulic analogue for electrical circuits that was widely used in the first half of the century and is still with us. Although some physics teachers object to the use of analogy in their presentations, the hydraulic analogue has become firmly fixed in our consciousness, and it is interesting to see how some older textbooks used it. The mechanical model of the emf is a bit strained, but the other models are easy to accept as analogues.
In the Lodge model, the source of emf (a battery) is represented by two tall columns of water of the same cross-section area connected by a pipe in which a pump is installed [ Fig. 1(a) ]. The pump is driven by a falling weight, and water is pumped up to a higher level in the left-hand column until the difference in water pressure is just balanced by the action of the pump. The difference in water levels represents the potential difference between the two electrodes of the battery. The area of the columns does not affect the water pressure, analogous to the fact that the area of the electrodes does not affect the potential difference. The system is now in equilibrium and ready to act.
The wire (with accompanying load) that is connected across the emf is represented by a horizontal pipe connecting the two columns of water [ Fig. 1(b) ]. The water level in the left-hand column starts to fall. Immediately, the pump kicks into action to try to maintain the difference in water levels and the weight descends. Water is pumped through the horizontal pipe as long as there is room for the weight to descend, corresponding to the fact that the battery will continue to drive a current around the closed circuit until its chemical action is exhausted. While the origi-
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If the connecting pipe/wire is uniform in cross section, the fall in potential energy will be linear with the distance down it. This is shown in the more complex analogue in Fig. 2 , taken from a later version of Robert A. Millikan's well-known introductory textbook. 2 Figures 3(a) and 3(b) show the hydraulic analogue of series and parallel circuits. This is perhaps the commonest form of the model and the one most likely to be invoked today. It is essential to observe that the pressure head of all three conduits in the parallel arrangement is the same, corresponding to the same potential drop for all of them. Both illustrations are from the 1934 edition of Charles Dull's textbook, 3 first published in 1922 and still in print (with the addition of other authors) when I took high school physics in 1953-54.
Batteries in series and parallel are illustrated in Millikan and Gale's 1906 text 4 [Figs. 4(a) and 4(b)] with water pumps in series and parallel. The authors note that in the series connection the total emf is the sum of the individual emfs, corresponding to the summation of heights that the water is raised by the individual pumps. The internal resistance of the cells add linearly and is modeled by the connection pipe on the right-hand side. In the parallel connection the cells have the same emf, and their internal resistances add in the familiar reciprocal fashion.
The hydraulic analogue of the Wheatstone bridge in Fig. 5 is from the 1925 college text by Spinney. 5 The current splits at point a and reunites at point c. Only if points b and d have the same gravitational potential energy (i.e., electric potential) will there be no flow through the cross-channel g.
In his 1889 book Modern Views on Electricity, 6 Oliver Lodge presents the hydraulic model of a Leiden jar (an early form of capacitor) shown in Fig. 6 . The spherical container with the three stoppered openings is a rigid glass flask; projecting into it is a rubber balloon. Attached to either side are the manometers a and b that are used to measure the hydrostatic pressure, analogous to the electric potential. The bypass tube across the bottom represents a discharger, and the pump on the right-hand side is used to build up the pressure/potential difference on that side. As the pressure builds up, the balloon expands, correspond- This article is copyrighted as indicated in the article. Reuse of AAPT content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
ing to charge building up on one side of the capacitor. The tubing on the left-hand side of the apparatus is connected to a water reservoir, corresponding to connecting one side of the capacitor to ground -an infinite reservoir of charge.
We can argue endlessly about the roles of analogy, metaphor, and models in the learning of physics. Although the hydraulic analogue is not as widely used as it was in the first third of the last century, it is still with us. We still talk about current, potential drops, and the flow of charge carriers. Seemingly, students have learned physics with the aid of this model in the past and will continue to do so today. This article is copyrighted as indicated in the article. Reuse of AAPT content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
